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Introduction

Estrogen exposure represents one of the few clear risk factors for breast cancer in humans. This
potential risk is underscored by the finding that both natural and synthetic estrogens are
mammary carcinogens in animal models. Despite this clear association between estrogens and
breast cancer, the mechanism of tumorigenesis by these agents has not been established. This
project will test the hypothesis that estrogens or their metabolites, via covalent binding, are
specific disruptors of mitotic microtubules in mammary epithelial cells, and that the resulting
interference with mitosis causes aneuploidy. Moreover, the induction of non-random changes in
ploidy represents a key step in the malignant transformation of mammary epithelial cells. To test
this hypothesis, we will study the metabolism and effects of the mammary carcinogen estradiol
(E2), in liver microsomes and in rat mammary epithelial cell lines (RMEC). Microsomes and
mammary epithelial cells will be isolated from female ACI, Sprague-Dawley, and Copenhagen
(COP) rats. The former strain is extremely sensitive to estrogens as mammary carcinogens,
whereas the Sprague-Dawley and COP strains are relatively resistant to estrogens. The
concentration- and time-dependence of metabolism and the covalent modification of proteins
will be determined for E2 in preparations from each rat strain, as will the specific covalent
modification of tubulin subunits. These chemical endpoints will be compared with the
determinations of several cellular changes in response to each of the compounds. Effects on cell
proliferation will be assessed by immunohistochemical analysis of the proliferation-specific
nuclear antigen PCNA (19A2). Effects on the integrity of microtubules (mitotic spindles) also
will be determined immunohistochemically using anti-rat tubulin antibodies. Finally, aneuploidy
will be analyzed by flow cytometry. These studies of the effects of the compounds on subcellular
structure and function constitute a step-wise examination of the proposed mechanism of action
for carcinogenic estrogens. Induction of proliferation will be used as a general index of
estrogenicity. The effects on microtubules, however, begin to explore the link between covalent
modification of tubulin in a target cell for carcinogenicity of these compounds and the disruption
of mitosis. If the covalent modification of tubulin, the disruption of microtubules, and the
induction of aneuploidy follow the same time- and concentration-dependence then a strong
mechanistic link will be forged. This will support future studies on the induction of aneuploidy
by estrogens in mammary epithelial cells in vivo.

Body

This project has not been active during the period of August 2000 — June 2001. The loss of all
technical support combined with the increased teaching and administrative loads resulting from a
significant decrease in the departmental faculty roster have prevented active research. One
obstacle has now been overcome, as evidenced by the assignment of a half-time research
assistant to this project. The second obstacle remains, but the adaptation to this higher teaching
and administrative load will allow for sufficient research time and effort to finish this project.

Recognizing the inactivity on this project, I began requests in January 2001 for a one year
extension in time without additional budget. Despite several email requests and a formal lettter of
request sent by Federal Express to my project officer (included as an Appendix) I have received




no response from USAMRMC. I am now once again requesting this one year extension. During
this period the project goals can be met.

The laboratory of Jim Shull at the Eppley Cancer Center in Omaha has isolated and characterized
spontaneously immortalized non-transformed epithelial cell lines from the mammary glands of
the ACI rat and from its’ E2-resistant parental strain, the Copenhagen rat (COP). These cells
grow readily in low- or no-serum media and retain much of their epithelial morphology and
behavior. We propose to use this established, robust cell system for our remaining studies.

The use of the mammary epithelial cell lines retains the essential feature of the original
experimental design, namely to study estrogens in target cell populations from strains sensitive to
and resistant to the carcinogenic effects of estrogens. In fact, using RMEC derived from the
Copenhagen rat, an estrogen-resistant parental strain for the ACI hybrid, we have arguably a
closer match between the two strains with the exception of the marked difference in response to
estrogens, and thus a cleaner system for sorting out key mechanistic steps related to
carcinogenesis. The use of the cell lines also clearly will bypass our failure to produce viable
early passage cultures of these cells. The major drawback to the use of these cell lines is the
assumption that, like virtually all epithelial cells, they will have ceased expression of cytochrome
P450s after so many passages. We will experimentally verify this by examination of E2
metabolism, but we also will press ahead with investigations of how cells from the two strains
respond to E2 and its metabolites.

First, we will assess the proliferative effect of E2, estrone (E1), estriol (E3), 4-hydroxy-E2, 2-
hydroxy-E2, 4-hydroxy-E1, 2-hydroxy-E1, 4-methoxy-E2, and 2-methoxy-E2 on these cells.
Cultures in serum-free medium will be treated with each of these estrogens at concentrations
between 0.1 and 10,000 nM. Cell samples will be taken at 6, 12, 24, 48, and 72 hrs and viable
cell numbers estimated by tetrazolium dye reduction to determine the effects of each steroid on
proliferation rate. These findings will be confirmed at key concentrations and time points by
immunohistochemical determination of proliferative fraction, using the 19A2 nuclear antigen as
the indicator of proliferation.

The next series of experiments will utilize anti-tubulin antibodies to characterize the effects of
these estrogens on cytoskeletal structures, particularly the mitotic microtubules. Cells will be
treated with the estrogens over the same concentration range as noted above, and cells then will
be fixed and stained with fluorescent anti-tubulin. A second staining with anti-actin will
discriminate between effects on microtubules and more generalized anti-cytoskeletal effects.
Obviously anti-mitotic effects only may be seen in cells which are actively proliferating. If the
proliferative fraction of cells is too low, we will employ hydroxyurea treatment to synchronize
cells, and then release them immediately prior to addition of the appropriate estrogen.

Finally, we will examine the ploidy of control and estrogen-treated RMEC using flow cytometry.
The original experimental design proposed to examine ploidy and chromosomal aberrations
using whole chromosome painting with various fluorescent probes, analyzed using the Vysis
computerized imaging system. This approach has been replaced for two reasons. The first is the
short time left during this award, which would preclude learning and validating this approach.




Second, the fluorescent oligonucleotide probe set for the rat genome, required for this analysis,
has not yet been developed. This was to have proceeded to completion prior to its required use in
this project, but that has not yet occurred.

Key Research Accomplishments

None.

Reportable Qutcomes

Publications

Reed, G.A., Wilson, A.M., and Padgitt, J.K.: Estradiol metabolism by rat liver microsomes from
strains differing in susceptibility to mammary carcinogenesis. In: Hormonal Carcinogenesis 11
(J.J.Li, L.R. Daling, S.A. Li, eds.), pp. 451-455, Springer-Verlag, New York, 2001.

Wilson, A.M. and Reed, G.A.: Predominant 4-hydroxylation of estradiol by constitutive
cytochrome P450s in the ACI rat liver. Carcinogenesis 22: 257-263, 2001.

Degree Awarded

Wilson, Angela M., M.S. in Pharmacology, Department of Pharmacology, Toxicology, and
Therapeutics, School of Medicine, University of Kansas. Defended August 31, 2000.

Conclusions

As detailed above, personnel changes and an increase in non-research responsibilities prevented
any meaningful progress on this project in the past year. Those situations now have been partially
resolved, and it is expected that significant time and effort can be applied to this project in the
requested one year extension period. The receipt of formal authorization for both the revised
Statement of Work and for this one year extension would be greatly appreciated.
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None.
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From: Greg Reed

To: Judy.Pawlus@det.amedd.army.mil
Date: 2/9/01 10:23AM
Subject: DAMD17-97-1-7155

Dear Ms. Pawlus:

I would like to request a one year extension of time, without additional
budget, for my Breast Cancer Research project. Personnel problems have
prevented significant progress within the last nine months. Those problems
have been resolved, and the requested extension would allow for the
completion of the project. Please advise me of the proper contact person to
address with this request, and any additional information you can provide
regarding the format or content of this request.

Thank you for your assistance.

Gregory A. Reed, Ph.D.

Department of Pharmacology, Toxicology, and Therapeutics
University of Kansas Medical Center

(913)588-7513; FAX (913)588-7501

greed@kumc.edu




From: "Pawlus, Judy K Ms USAMRMC" <Judy.Pawlus@DET.AMEDD.ARMY .MIL>

To: "Lowery, Cheryl A Ms USAMRAA" <Cheryl.Lowery@DET.AMEDD.ARMY.MIL>
Date: 2/9/01 10:25AM
Subject: FW: DAMD17-97-1-7155

Cheryl, please respond to Pl. Thank you.

----- Original Message---—-

From: Greg Reed [mailto:greed@kumc.edu]
Sent: Friday, February 09, 2001 11:23 AM
To: Judy.Pawlus@det.amedd.army.mil
Subject: DAMD17-97-1-7155

Dear Ms. Pawlus:

I would like to request a one year extension of time, without additional
budget, for my Breast Cancer Research project. Personnel problems have
prevented significant progress within the last nine months. Those problems
have been resolved, and the requested extension would allow for the
completion of the project. Please advise me of the proper contact person to
address with this request, and any additional information you can provide
regarding the format or content of this request.

Thank you for your assistance.

Gregory A. Reed, Ph.D.

Department of Pharmacology, Toxicology, and Therapeutics
University of Kansas Medical Center

(913)588-7513; FAX (913)588-7501

greed@kumc.edu

CC: "greed@kumc.edu™ <greed@kumc.edu>




From: Greg Reed <greed@kumc.edu>

To: "Lowery, Cheryl A Ms USAMRAA" <Cheryl.Lowery@DET.AMEDD.ARMY.MIL>
Date: 2/21/01 2:56PM

Subject: DAMD17-97-1-7155

Ms. Lowery:

| am hoping to hear from you soon regarding my request (forwarded to you by
Judy Pawlus on 2/9/01) for a one year extension of time without additional
budget for this BCRP award.

Thank you for your attention to this matter.

Gregory A. Reed, Ph.D.
University of Kansas Medical Center
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From: Greg Reed <greed@kumc.edu>

To: <Cheryl.Lowery@det.amedd.army.mil>
Date: 3/27/01 10:57AM

Subject: Fwd: DAMD17-97-1-7155

Ms. Lowery:

It has been almost two months since | inquired about requesting a no-cost
extension on my BCRP award. The original deadline on this project is less
than three months away. | need to find out as soon as possible whether or
not this extension will be allowed. Please advise me on the status of this
request.

Thank you

Gregory Reed, Ph.D.
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From: “"Lowery, Cheryl A Ms USAMRAA" <Cheryl.Lowery@DET.AMEDD.ARMY .MIL>
To: 'Greg Reed' <greed@kumc.edu>

Date: 3/29/01 2:32PM

Subject: RE: DAMD17-97-1-7155

Dr. Reed,

Thanks for your email. Unfortunately, I do not remember receiving your
request for a no-cost extension.

| recommend you resubmit your request to Ms. Blossom Widder, at the address
following my name. The request should be signed by your business office
representative who has authority to bind your organization in legal grants

and contracts.

Due to our recent reorganization, your grant has been reassigned to Ms.
Widder, Contract Specialist. She can be contacted at (301)619-7143 (Voice),
(301)619-4084 (Fax) or blossom.widder@amedd.army.mil (email)

Cheryl Lowery

Contract Specialist

U.S. Army Medical Research Acquisition
Activity

820 Chandler Street

Fort Detrick, MD 21702-5014

Telephone: 301-619-7150

FAX: 301-619-2254

Email: cheryl.lowery@amedd.army.mil

CC: "Pawlus, Judy K Ms USAMRMC" <Judy.Pawlus@DET.AMEDD.ARMY.MIL>, "Widder,
Blossom J Ms USAMRAA" <Blossom.Widder@DET.AMEDD.ARMY MIL>, "Herndon, Dana L Ms
USAMRAA" <Dana.Herndon@DET.AMEDD.ARMY.MIL>, "Lowery, Cheryl A Ms USAMRAA"

<Cheryl.Lowery@DET.AMEDD.ARMY.MIL>
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o SCHOOL OF MEDICINE
e 1(:3 DEPARTMENT OF PHARMACOLOGY, TOXICOLOGY,
_ AND THERAPEUTICS

April 4, 2001

Ms. Blossom Widder, Contract Specialist

U.S. Army Medical Research Acquisition
Activity

820 Chandler Street

Fort Detrick, MD 21702-5014

Dear Ms. Widder:

| would like to request a one year extension of time, without additional budget,
for my Breast Cancer Research project, DAMD 17-1-97-7155. Personnel
problems have prevented any significant progress within the last nine months.
Those problems have been resolved, and the requested extension would allow
for the completion of the project within the requested extension period. These
requested changes in time line are detailed in the attached Proposed Statement
of Work. Please advise me if any additional information is required to process
this request.

Thank you for your assistance.

Sincerely yours,

A/Reed, Ph.D.
Principal Investigator

K. M. A. Welch, M.D.
Vice Chancellor for Research

3901 Rainbow Blvd., Kansas City, KansisB66160-7417 » (913) 588-7140 FAX (913) 588-7501
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PROPOSED STATEMENT OF WORK

-

Aim 1.
Task 1. Establish radiometric HPLC assay for estradiol (E2) Done
metabolism
Task 2. Establish radiometric HPLC assay for 7,12- Done
dimethylbenz[a]anthracene (DMBA) metabolism
Task 3. Characterize E2 metabolism in ACI and SD RLM Done
Task 4. Characterize DMBA metabolism by ACI and SD RLM Delete
Task 5. Optimize culture conditions for ACI and COP- Months 48 -
derived rat mammary epithelial cell lines (RMEC) 49
Task 6. Characterize E2 metabolism by RMEC from ACI and Delete
SD rats
Task 7. Characterize DMBA metabolism by ACI and SD RMEC Delete
Task 8. Characterize covalent modification of ACI and COP Months 51 -
RMEC proteins by E2 55
Task 9. Characterize covalent modification of nuclear DNA in Delete

ACI and COP RMEC by E2

Aim 2.
Task 1. Optimize immunochemical methods for examination of Months 50 -
mitotic microtubule integrity in ACI and COP RMEC 51
Task 2. Determine concentration dependence of effects of E2 on Months 52 -
microtubule integrity in ACI and COP RMEC 54
Task 3. Determine time dependence of effects of E2 on Month 55

microtubule integrity in ACI and COP RMEC

Aim 3.
Task 1. Learn and optimize procedures for detecting aneuploidy Month 56
in ACI and COP RMEC

Task 2. Determine the concentration dependence of the effects Months 57 -
of E2 on ploidy in RMEC 58
Task 3. Determine the time dependence of the effects of E2 on Months 58-
ploidy in RMEC 59

Final report Month 60

14
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Estradiol Metabolism by Rat
Liver Microsomes from Strains
Differing in Susceptibility to
Mammary Carcinogenesis

Gregory A. Reed, Angela M. Wilson, and Janette K. Padgitt

Summary

Rat strains are known to differ markedly in their susceptibility
to estrogen (E)-induced mammary tumors. Specifically, the
ACI strain is extremely sensitive to Es, whereas the Sprague-
Dawley (SD) strain is relatively resistant. We have compared
the metabolism of estradiol (E,) by liver microsomes from
these two rat strains. Both strains exhibit hydroxysteroid
dehydrogenase activity, with estrone (E,) being the major
product at E, concentrations above 1 WM. Some A-ring
hydroxylation also is seen. As the E, concentration is
decreased, however, hydroxylation becomes a more dominant
pathway for both strains. In the SD preparations this still yields
E, as the major product. ACI liver, however, produces
primarily hydroxylated-E, at these concentrations. This
difference is most apparent at E, concentrations below 100
nM. This difference in the disposition of E, and its being most
pronounced at E, concentrations nearing the physiological
range, suggest that this difference may contribute to the
relative sensitivity of these strains to E, carcinogenicity.

Introduction

The identification of carcinogenic risks may be derived from two complementary
approaches: the first is epidemiological analysis of human populations, while the
second is by extrapolation from controlled exposure studies with experimental
animals. The association between Es and breast cancer has been supported by
ample data from both approaches. Despite the clear association between Es and
breast cancer, the mechanisms involved in this effect are not clear. A
pronounced strain difference in sensitivity to mammary carcinogenesis by Es
provides an opportunity to identify key mechanistic features of the process. The

451



452 G.A.Reed, et al.

ACl rat is sensitive to Es as mammary carcinogens (1-4). Sprague-Dawley rats,
in contrast, are relatively resistant to E carcinogenicity (2,5). By comparing E
metabolism and resultant effects in the two strains it not only is possible to look
for differences in metabolism and responses, but also to try and correlate these
responses with susceptibility to carcinogenesis. The examination of estradiol (E,)
metabolism by liver microsomal preparations from these two strains represents
the first step in these comparative studies.

Materials and Methods

Female Sprague-Dawley and ACI rats, 6 to 7 weeks old, were purchased from
Harlan Laboratories. The livers were homogenized and microsomes prepared
by differential centrifugation. Microsomal pellets were resuspended in
phosphate-MgCl, buffer, pH 7.4, and stored at -80° C.

[’H]-E, was incubated with RLM (1 mg protein/ml) in 50mM Tris-HC]
buffer, pH 7.4, containing 5 mM MgCI2, 5 mM glucose-6-phosphate, and 1 mM
ascorbate at 37° C. The NADPH generating system, where noted, included 1
U/ml glucose-6-phosphate dehydrogenase and was initiated by the addition of
1 mM NADP. Reactions with NADP or NAD as cofactors were initiated by the
addition of these compounds, again to a final concentration of 1 mM.
Incubations were continued for 10 to 60 min, as indicated, depending on
substrate concentration. The reaction was stopped by the rapid extraction with
2 x 3 vol of ethyl acetate. The combined extracts were evaporated under
vacuum, and the residue dissolved in the initial acetonitrile-methanol-water-
acetic acid mix of the HPLC elution.

Separation of metabolites was performed on a Supelcosil C18 column (5 p,
4.6 mm x 25 cm) at 30° C using a gradient of acetonitrile, methanol, water, and
0.1% acetic acid (6). Unlabeled metabolite standards were detected by
monitoring absorbance at 280 nm, whereas labeled metabolites were detected by
a Packard Flo-One Beta detector with Ultima Flo M liquid scintillant.

Results

Liver microsomal preparations from female ACI and SD rats both catalyze
extensive NADPH-dependent metabolism of E,. Oxidation of E, to E, and
aromatic hydroxylation of E, were the only products observed with these
preparations. Maximal rates of E1 formation exceed 300 pmol mg™ min™! in both
strains, whereas maximal rates of aromatic hydroxylation are greater than 6
pmol mg" min" in SD microsomes and 30 pmol mg' min” in ACI liver
microsomes. Extensive metabolism was observed not only at the commonly used
micromolar concentrations of E, (7-10), but at substrate concentrations as low
as 3 nM.
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Although the metabolite profiles derived from the two strains are nearly identical
at high substrate concentrations, a pronounced divergence emerges as the E,
concentration drops below 1 pUM (Figure 1). For both strains, aromatic
hydroxylation becomes more pronounced as the E, concentration is decreased,
but this shift is far more extensive in the ACI rat. As shown, at 100 nM E,
aromatic hydroxylation to yield catechol Es becomes the dominant pathway for
E, oxidation, comprising 73% of total metabolism. In the SD rat preparation,
however, the fraction of metabolism resulting from aromatic hydroxylation only
reaches 36% of the total. An additional 16% of the metabolites produced by the
SD rat are catechol E, derivatives, which have undergone both 17f3-
dehydrogenation but also aromatic hydroxylation. Even combining the E, and E,
catechol metabolites still only comprises 52% of total metabolism, as compared
to the 73% catechols formed by the ACI liver microsomes under these same
conditions.

100 +
W Catechol E2

77z Catechol E1
EEEn E1

80 r

60 r

40 +

% of Total Metabolites

20

A B C D

Figure 1. Product Distribution from E2 Oxidation by ACI and SD Rat Liver
Microsomes: Effect of Substrate Concentration. Indicated concentrations of [°H}-
E, were incubated with 1 mg/ml microsomal protein with an NADPH generating
system for 20 minutes. Extraction and analysis were as described. All data
represent mean + standard deviation from triplicate incubations. A, ACI rat, 100
nM E,; B, ACI rat, 30 UM E,; C, SD rat, 100 nM E,; D, SD rat, 30 UM E,.

The formation of hydroxylated products is assumed to be a cytochrome P450-
dependent reaction, and thus NADPH-dependent, whereas the conversion to E,
is a dehydrogenation which may utilize either NAD or NADP as a cofactor. This
is borne out by the cofactor specificity demonstrated in Table 1. With the active
glucose-6-phosphate dehydrogenase generating system maintaining most
NADPH in the reduced form, fully 75% of E, metabolism is by hydroxylation,
rather than dehydrogenation. The use of NADP, without the generating system
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for reduction of the cofactor, results in a 3.5-fold increase in the rate of
dehydrogenation to E,, and a 70% decrease in aromatic hydroxylation. The
residual hydroxylation presumably results from reduction of NADP via the 17[3-
hydroxysteroid dehydrogenase reaction. Finally, when NAD is added as the
cofactor, which is fully active as a 17-hydroxysteroid dehydrogenase cofactor
but inactive as a cytochrome P450 cofactor in either its oxidized or reduced
form, no hydroxylation is observed and 100% of the E, is converted to E,. These
cofactor studies clearly support the assignment of E, formation to 17f-
hydroxysteroid dehydrogenase and the aromatic hydroxylation as a cytochrome
P450-dependent reaction.

Table 1. Cofactor effect on E, oxidation by ACI rat liver microsomes.

Cofactor Aromatic Hydroxylation Dehydrogenation
NADPH generating 25.8 + 1.1 pmol mg’ 8.7 2.2 pmol mg™*
system min’! min™
NADP 6.3+0.8 20.5+0.5
NAD 0 50+0

1 UM E, was incubated for 20 minutes with 1 mg/ml microsomal protein and
either the NADPH generating system or with 1 mM NADP or NAD. Extraction
and analysis were as described in Materials and Methods. Results are means *
standard deviation from triplicate incubations.

Conclusions

1. Rat liver microsomes efficiently oxidize E, at concentrations as low as 3
nM. '

2. 17B-Hydroxysteroid dehydrogenase is a relatively low affinity but high
capacity system for E, oxidation in RLM. Cytochrome P450-dependent
aromatic hydroxylation of E, is a relatively high affinity but low capacity
system for E, oxidation in RLM.

3. RLM from the female ACl rat differ from those from other rat strains in that
aromatic hydroxylation of E, is more dominant than it is in the SD rat.
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The ACI rat is extremely sensitive to estrogens as mammary
carcinogens, whereas the Sprague-Dawley strain is rela-
tively resistant. Comparison of the disposition and effects
of estrogens in these two strains should provide insights
into the mechanisms of estrogen carcinogenicity. We have
begun this investigation by comparing the metabolism of
[*H]17B-estradiol (E2) by liver microsomes prepared from
female rats from each strain. Both strains produce estrone
(E1) as the major product at E2 concentrations >1 uM,
with smaller amounts of 2-hydroxy-E2 formed. As the E2
concentration is decreased, however, aromatic hydroxy-
lation becomes a more dominant pathway for both strains.
At starting E2 concentrations as low as 3 nM, Sprague-
Dawley liver microsomes produced comparable yields of
2-hydroxy-E2 and E1. In contrast, ACI liver microsomes
yielded a profound shift to aromatic hydroxylation as the
dominant pathway as E2 concentrations dropped below 1
M, and this shift reflected the production of 4-hydroxy-
E2 as the predominant product. The apparent K, for 4-
hydroxylation of E2 is <0.8 pM, as opposed to ~4 uM
for 2-hydroxylation, suggesting that different cytochrome
P450s (CYPs) are responsible. Western immunoblotting of
the liver microsomal preparations from ACI and Sprague-
Dawley rats for CYPs known to catalyze 2- and 4-
hydroxylation of E2 revealed that both strains contained
comparable amounts of CYP 2B1/2 and 3A1/2, but no
detectable amounts of CYP 1B1, the proposed E2 4-
hydroxylase. Although this enzyme is not a constitutive
CYP in Sprague-Dawley rat liver, its presence in ACI liver
could provide a ready explanation for the predominance
of 4-hydroxy-E2 as a product. The identity of the estradiol
4-hydroxylase in ACI rat liver and the role of this unique
reaction in the heightened sensitivity to E2 carcinogenicity
remain to be elucidated.

Introduction

Estrogens are risk factors for breast cancer in humans.
Epidemiological evidence indicates that an increase in level
or duration of exposure to 173-estradiol (E2) and estrone (E1)

Abbreviations: CE1, 2/4-hydroxyestrone; COMT, catechol O-methyltrans-
ferase; CYP, cytochrome P450; DMBA, 7,12-dimethylbenz[a]anthracene;
El estrone; E2, 17B-estradiol; E3, estriol; 17B-HSD, 178-hydroxysteroid
dehydrogenase; 2-OH-El, 2-hydroxyestrone; 4-OH-E1, 4-hydroxyestrone;
2-OH-E2, 2-hydroxyestradiol; 4-OH-E2, 4-hydroxyestradiol; 60-OH-E2,
60-hydroxyestradiol; RLM, rat liver microsomes.

© Oxford University Press

is associated with an increased incidence of breast cancer
(1,2). Early menarche and late menopause are risk factors
which increase duration of exposure to endogenous estrogens
(3). Interruption of normal estrogen levels during pregnancy
decreases estrogen exposure, thus late first full-term pregnancy
and nulliparity increase a woman’s chance of developing
breast cancer (2,4-7). In addition, long-term use of hormone
replacement therapies increases breast cancer risk due to an
increase in the level of exposure and the duration of exposure
to estrogens (1,7).

Animal studies provide more direct and quantifiable evidence
for a causal role of estrogens in tumorigenesis (reviewed in
refs 8,9). E1, E2 and the stilbene estrogen diethylstilbestrol
induce mammary gland tumors in both rats and mice and
estriol (E3) is also a mammary carcinogen in mice. The
synthetic steroids norethynodrel and mestranol are mammary
carcinogens in rats and dogs, respectively. In addition to these
effects in mammary gland, estrogens are also carcinogenic in
the liver, kidney, pituitary and various organs of the genitourin-
ary tract of several species (10-12). Induction of tumors in
multiple tissues and species strongly supports the IARC
classification of estrogens as human carcinogens (13).

Although estrogens are known mammary carcinogens in
animals and humans, the mechanisms of carcinogenesis are
not clear. One proposed mechanism is based on the mitogenic
action of estrogens in hormone-specific tissues (i.e. uterus and
breast) mediated via estrogen receptors (2,8,14). With longer
periods of enhanced proliferation there is an increased chance
of mutations. Another mechanism has been proposed in which
estrogens act as direct genotoxic carcinogens (15). Estrogen
metabolites are able to covalently bind to DNA and the
resulting modified sites in DNA are proposed to be pre-
mutagenic lesions (11,16). The third proposed mechanism of
E2 carcinogenicity is that estrogens or their metabolites are
indirectly genotoxic. Reactive oxygen species, generated by
redox cycling of estrogen metabolites, such as the catechols
and hydroquinones, are suggested to be DNA damaging. This
is thought to occur by oxidation or hydroxylation of the DNA
to produce pre-mutagenic lesions which can lead to mutations
(17,18). Finally, an epigenetic mechanism has been proposed
based on the induction of aneuploidy which is concurrent with
the emergence of cell transformation (19-21).

Determination of the primary mechanism of estrogen carci-
nogenicity will require an appropriate model system. The rat
provides an excellent model for mammary carcinogenesis
based on a low spontaneous tumor incidence and efficient
induction of tumors by chemical agents (8,9). In addition,
chemically induced rat mammary tumors clearly resemble
human breast tumors based on their similar morphology and
on the high degree of estrogen dependence seen in both rat
and human tumors (reviewed in ref. 9). What is even more
striking is the pronounced strain difference in rat sensitivities
to mammary carcinogenicity. ACI rats are extremely sensitive
to estrogens as mammary carcinogens, developing palpable
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tumors after 3 months treatment with E2 and 100% mammary
tumor incidence after 6 months treatment (10,22). Sprague—
Dawley rats, however, are much less sensitive to estrogens,
exhibiting no mammary tumors after 7 months treatment
(23,24). This strain difference in susceptibilities to mammary
carcinogenicity is apparently specific for estrogens as causative
agents. ACI rats are less sensitive to induction of mammary
tumors by 7,12-dimethylbenz[a]anthracene (DMBA), a known
mammary carcinogen, than are Sprague-Dawley rats. In fact,
100% of Sprague-Dawley rats treated with DMBA develop
mammary tumors within a few weeks (25), whereas, only 30%
of ACI rats develop mammary tumors after 8.5 months
treatment. ACI rats are relatively insensitive to other genotoxic
mammary carcinogens as well (26,27). This unique strain
difference, in which the ACI rat is specifically more sensitive
to estrogens as mammary carcinogens, presents an invaluable
tool for determining the key mechanistic steps of E2 carcino-
genicity.

Sprague-Dawley rats and ACI rats differ markedly in their
responses to E2 with regard to mammary tumorigenesis. These
differences could be due to differences in E2 pharmacodynam-
ics, pharmacokinetics or both. By careful comparison of the
interactions between E2 and the cells and tissues from these
two strains we may dissect out critical processes which underlie
the pronounced difference in susceptibility to tumor induction.
These critical differences may also illuminate the major mech-
anism involved in estrogen carcinogenicity in the mammary
gland. We have begun by comparing the metabolism of E2 by
liver microsomes from the two strains. Although hepatic
metabolism may not play as central a role in the mammary
effects of E2 as target tissue metabolism, we nonetheless
consider the characterization of hepatic E2 metabolism to be
a logical first step in comparing these strains and their overall
response to E2. We have observed quantitative and qualitative
differences in E2 metabolism in ACI and Sprague-Dawley
liver microsomes. The differences in hepatic metabolism of
E2 between the two strains of rats may be the first step
in elucidating the key differences affecting susceptibility to
mammary carcinogenesis.

Materials and methods

Animals and chemicals

Sexually immature (6-7-week-old) and sexually mature (12-14-week-old)
female Sprague-Dawley and ACI rats were purchased from Harlan Laborat-
ories (Indianapolis, IN). [2,4,6,7-*H]E2 (72 Ci/mmol) and [4-"*C]E2 (54.1
mCi/mmo!) were products of New England Nuclear (Boston, MA).
E2, El, 2-hydroxyestradiol (2-OH-E2), 4-hydroxyestradiol (4-OH-E2), E3,
2-hydroxyestrone (2-OH-EI), 4-hydroxyestrone (4-OH-E1), 6c-hydroxyestra-
diol (60-OH-E2), clotrimazole and all other substrates, enzymes and cofactors
were from Sigma Chemical Co. (St Louis, MO). All solvents and reagent
chemicals were of HPLC grade and were purchased from Fisher Scientific
(St Louis, MO). Scintillant fluid was Ultima Flo M from Packard Instrument
Co. (Meriden, CT). NuPage gels and reagents used in western immunoblot
analysis were purchased from Novex (San Dicgo, CA). The primary antibodies
for CYPs 2B1/2 and 3A1/2 were provided by Xenotech LLC (Kansas City,
KS), whereas rabbit anti-CYP 1Bl (28,29) was generously supplied by
Thomas Sutter (Johns Hopkins University, Baltimore, MD). The secondary
antibody utilized for visualization of CYPs 2B1/2 and 3A1/2 was alkaline
phosphatase-conjugated anti-rabbit IgG and was purchased from Southern
Biotechnology Associates Inc. (Birmingham, AL). The BCIP/NBT phosphatase
substrate was obtained from Kirkegaard Perry Laboratories (Gaithersburg.
MD) and the PVDF membrane was from Millipore (Bedford, MA). Bound
antibody against CYP 1B1 was detected with a horseradish peroxidase-
conjugated donkey anti-rabbit IgG using the enhanced chemiluminescence
method (Amersham Corp., Arlington Heights, IL).
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Microsomal preparation

Where indicated. rats were treated with a s.c. cholesterol pellet with or without
E2 (20 mg/pellet) for 1 weck. Rats were anesthetized with CO,, then killed
by decapitation. The livers from 4-8 rats were pooled and homogenized in
Tris-KCl buffer, pH 7.4, at 4°C. The homogenate was fractionated by
differential centrifugation and the microsomal pellets were resuspended in
phosphate/MgCl, buffer, pH 7.4, and stored at ~80°C. Protein concentrations
of the resulting rat liver microsomes (RLM) were determined using the
Bradford reagent with bovine serum albumin as the standard.

Microsomal metabolism and analysis

H]E2 (0.1 uCi/incubation) or [*CJE2 (0.05 pCi/incubation) was mixed with
unlabeled E2 and incubated with RLM in 50 mM Tris-HCl buffer, pH 7.4,
containing 5 mM MgCl,. 5 mM glucose 6-phosphate and 1 mM ascorbate at
37°C in a shaking water bath. E2 was added as a stock solution in DMSO,
with a constant final concentration of 2% DMSO (v/v). The NADPH generating
system. where used, included 1 U/ml glucose 6-phosphate dehydrogenase.
Reactions were initiated by the addition of 1 mM NADP. Reactions with
NADP and NAD as cofactors were initiated by addition of these compounds,
to a final concentration of 1 mM, in the absence of glucose 6-phosphate
dehydrogenase. Incubations were continued for 20 or 60 min as indicated,
depending on substrate concentration. The reaction was stopped by extraction
with 2X3 vol ethyl acetate. Recoveries of labeled compounds by extraction
were routinely >99%. The combined extracts were evaporated under vacuum
and the residue dissolved in the initial acetonitrile/methanol/water/acetic acid
mix for HPLC elution. Unlabeled estrogen metabolite standards were added
to verify retention times. All incubations were performed in triplicate and
data arc presented as means = SD of threc replicates.

HPLC analysis

Analysis of E2 metabolites was performed on a Supelcosil C18 column (5 pm,
4.6 mmX25 cm) at 30°C (Supelco, Bellefonte, PA). The elution conditions
were based on a system developed by Robert Breuggemecicer (personal
communication). A binary solvent gradient consisting of acctonitrile/methanol/
water/acetic acid was used for elution of the compounds. Specifically, solvent
A was 21% acetonitrile/22% methanol/57% water/0.1% acetic acid and solvent
B was 40% acetonitrile/60% water/0.33% acetic acid. The gradient was as
follows: 015 min 100% solvent A: a linear increase from 15-25 min to 19%
solvent B; a linear increase from 25-35 min to 20% solvent B; a lincar
increase from 31-53 min to 100% solvent B; the column was returned to
initial conditions over 20 min. Retention times for unlabeled metabolite
standards, as detected by monitoring absorbance at 280 nm, werce as follows:
60-OH-E2, 6.00 min; E3, 7.00 min; 4-OH-E2, 13.50 min; 2-OH-E2, 15.50 min;
2-OH-EI and 4-OH-EI co-eluted at 17.75 min; E2, 24.00 min; El, 29.50 min.
Radiolabeled metabolites were detected and quantified using a Packard Flo-
One Beta detector with Ultima Flo M liquid scintillant. The limit of detection
for individual metabolite peaks was ~0.3% of total substrate. Tabulated data
represent means = SD from analysis of triplicate incubations.

Western immunoblot

Liver microsomes (50 pg) were resolved by SDS-PAGE on 4-12% gradicnt
NuPage gels in MOPS buffer. They were then transferred to a PVDF membrane
(Immobilon-P; Millipore). Non-specific binding was blocked using Tris-
buffered saline (10 mM Tris-HCI, pH 7.4, 150 mM NaCl, containing 10%
non-fat milk) for I h at room temperature. The membranes were probed for
2 h at room temperature with polyclonal antibodics for CYP 1B1, 2B1/2 and
3A1/2. Antibody binding for CYPs 2B1/2 and 3A1/2 was detected using
alkaline phosphatase-conjugated anti-rabbit IgG, then visualized using BCIP/
NBT phosphatase substrate. Anti-CYP 1B1 antibody was detected by incuba-
tion for 1 h with a horscradish peroxidase-linked donkey anti-rabbit IgG using
the enhanced chemiluminescence method.

Results

Initial studies of the protein and time dependence of E2
metabolism by RLM from female ACI and Sprague-Dawley
rats demonstrated a linear increase from 0.3 to 3.0 mg protein/
ml and similar increases from 20 to 60 min incubation (data
not shown). Based on these results, the experimental conditions
were standardized to 1.0 mg protein/ml and 20 min incubation.
Next, microsomes from ACI and Sprague-Dawley rats were
incubated with a range of concentrations of E2 from 9 nM to
30 pM, to characterize the dependence on substrate concentra-
tion. Striking quantitative and qualitative changes in metabolic
profiles were observed as the E2 concentration was decreased.
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Fig. 1. Estradiol metabolite profiles as a function of strain and estradiol concentration. [*HJE2 was incubated with rat liver microsomes (1 mg microsomal
protein/ml) for 20 min with a NADPH generating system. Ethyl acetate extracts were processed and analyzed by reverse phase HPLC as described in
Materials and methods. These data were generated using RLM from mature rats. Similar results were obtained with immature animals.

These changes are demonstrated by the data in Figure 1,
showing representative HPLC profiles resulting from E2 meta-
bolism at the high and low ends of this concentration range.
With an initial concentration of 30 uM E2 the major
metabolite produced by RLM from both strains was El, with
minor amounts of 2-OH-E2 as the only other detectable
product (Figure 1A and C). In the Sprague-Dawley preparation
containing 9 nM E2 the major metabolite formed was still
El, but there was a nearly equal contribution of aromatic
hydroxylation, specifically formation of 2-OH-E2 and 2/4-
hydroxyestrone (CE1) (Figure 1B). A more dramatic change
in metabolism was seen in the ACI RLM at nanomolar E2
concentrations (Figure 1D). At this E2 concentration E1 was
no longer the major metabolite produced and instead aromatic
hydroxylation was the major pathway. Moreover, the predomin-
ant catechol estrogen formed was 4-OH-E2, with lesser
amounts of 2-OH-E2 and CEl found. Examination of the
kinetics of individual product formation at times from 5 to
20 min incubation showed that 2-OH-E2, 4-OH-E2 and El
yields increased steadily with incubation time, whereas CE1
formation was only detectable after the 5 min incubation time
(data not shown). This is consistent with their formation as
primary and secondary metabolites of E2. Parallel incubations
were performed with 3H- and '“C-labeled E2 at initial substrate
concentrations of 0.3, 1 and 10 pM, which produced identical

product distributions, demonstrating that loss of tritium was
not a significant factor in our studies (data not shown).

This concentration-dependent shift in the spectrum of meta-
bolites formed by RLM from each strain is shown by the
tabulated product yields (Table I} and by the normalized
product distributions (Figure 2). The E2 concentrations chosen
for this experiment were 30 UM, a concentration where El
formation predominates, and 100 nM, where both strains
produced significant yields of both dehydrogenation and
hydroxylation products. At 30 uM E2 the major metabolite
produced for both strains and both age groups was El,
accounting for 55-95% of metabolites (Figure 2A). 2-OH-E2
is the next most abundant metabolite, ranging from 8% in
immature ACI rats to >40% in mature Sprague-Dawley rats.
The only group that produced detectable 4-OH-E2 at this E2
concentration was the mature ACI rats and this was <10% of
total metabolites. At 100 nM E2, El remained the major
product from Sprague-Dawley microsomes, but fell to 45%
of total metabolites (Figure 2B). 2-OH-E2 production remained
the same in each strain for each age when the E2 concentration
was decreased. Also, at 100 nM E2 there was production of
CEl by all groups but immature ACI rats. Formation of the
catechol estrones requires two oxidative steps, presumably the
conversion of E2 to estrone followed by aromatic hydroxylation
to the catechol. Our HPLC procedure could not resolve
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Table 1. Effects of strain and substrate concentration on estradiol product yields

Strain Age [E2] 4-OH-E2 2-OH-E2 CEl El

(wecks) (pmol/mg/min) (pmol/mg/min) (pmol/mg/min) (pmol/mg/min)
Sprague-Dawley 7 100 nM 0.10 £ 0.18 0.79 = 0.07 0.39 £ 0.19 1.19 = 0.26

14 100 nM <0.015 0.94 + 0.07 0.60 = 0.14 1.26 = 0.04
ACI 7 100 nM 2.79 = 0.15 0.19 = 0.17 <0.015 0.97 = 0.11

14 100 nM 1.66 = 0.18 1.32 = 0.09 0.72 = 0.10 0.26 + 0.04
Sprague-Dawley 7 30 uM <4.5 28 + 24 <4.5 82 + 6

14 30 uM <4.5 55*6 <4.5 75 + 26
ACI 7 30 uM <45 12+ 16 <4.5 251 + 19

14 30 uM 51 =8 107 = 14 20 = 14 428 *+ 25

Rat liver microsomes (1 mg/ml) were incubated for 20 min with the indicated concentrations of [*H]JE2 with a NADPH generating system. All incubations
were performed in triplicate. Extraction and HPLC analysis were as described under Materials and methods. Limits of detection for metabolites were 0.015
pmol/mg/min for 100 nM initial E2 concentration and 4.5 pmol/mg/min for 30 uM initial substrate concentration.
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Fig. 2. Product distribution of estradiol metabolites from SD and ACI rat
liver microsomes as a function of age and substrate concentration. The total
metabolism for each condition, from Table I, was normalized to 1.0. Each
incubation contained 1 mg/ml microsomal protein and was incubated with
E2 for 20 min with a NADPH generating system. Extraction and analysis
were as described under Materials and methods and for Figure 1. Data
represent the means * standard deviations from the analysis of three
replicate incubations. Microsomes from immature (7-weck-old) and mature
(14-week-old) animals were examined in parallel incubations.
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Fig. 3. Modulation of estradiol oxidation by ACI rat liver microsomes.
RLM (1 mg/ml) were incubated for 20 min with 1 uM [PH]E2 with either a
NADPH generating system or initiation by addition of | mM NAD or
NADP. Clotrimazole was added 10 min prior to the initiation of reactions.
Extraction and analysis were as described under Materials and methods and
for Figurc 1. Data represent the means * standard deviations from the
analysis of three replicate incubations. Comparison of the rate of individual
metabolite formation to the rate observed with the NADPH generating
system was performed by one-way ANOVA followed by Dunnctt’s test.

*, Significant difference from NADPH generating system, P < 0.05.

the catechol estrones 2-OH-El and 4-OH-EI, but it could
distinguish the catechol estrones from the catechol estradiols
2-OH-E2 and 4-OH-E2. Strikingly, at 100 nM E2 RLM from
both age groups of ACI rats produced more 4-OH-E2 than
any other metabolite, accounting for 35% of metabolites in
mature ACI rats and 70% of metabolites formed in immature
ACI rats. It is key to note that the clear qualitative differences
in metabolite profile for E2 oxidation are between strains and
that only minor quantitative differences are observed between
immature and mature female rats of the same strain.

The ACI preparations were incubated with various cofactors
and inhibitors to determine what enzymes or families of
enzymes were responsible for E2 metabolism (Figure 3). We
chose 1 UM E2 as the initial substrate concentration to ensure
significant production of E1 and of both aromatic hydroxylation
products. Incubations containing the standard NADPH generat-
ing system were used as a control. The major metabolite
produced by ACI liver microsomes was 4-OH-E2, with lesser
amounts of 2-OH-E2 and El being formed. Incubations of
I pM E2 with ACI RLM with the NADPH generating system
and 10 puM clotrimazole, a broad CYP inhibitor, showed a
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Table II. Kinetic constants for microsomal estradiol oxidation

Metabolite Sprague-Dawley ACI

Kin Vimax Kin Vinax

uM) (pmol/mg/min)  (UM) (pmol/mg/min)
4-Hydroxy-E2 ND ND 08 =03 19020
2-Hydroxy-E2 33 *13 58+ 138 42 =08 34020
El 148 = 0.8 386 £ 19 38.0 2.0 414 £ 12

Rat liver microsomes (1 mg/ml) were incubated for 20 min with
concentrations of [PHJE2 at half-log intervals from 9 nM to 30 UM with a
NADPH generating system. All incubations were performed in triplicate.
Extraction and HPLC analyses were as described under Materials and
methods. Kinetic constants were derived from the data using the kinetics
analysis program GraFit v.4.0. ND, not detected. Limit of detection for
individual products was 0.3% of the initial E2 concentration and thus
ranged from 0.0014 pmol/mg/min at 9 nM substrate to 4.5 pmol/mg/min at
30 uM E2.

75% decrease in production of 4-OH-E2 and 2-OH-E2, indicat-
ing that these are products of CYP-dependent reactions. Also,
there was an increase in El production, a 17B-hydroxysteroid
dehydrogenase (17B-HSD)-dependent reaction. When the
cofactor NADP was added without glucose 6-phosphate
dehydrogenase there was a 70% decrease in production of
4-OH-E2 and 2-OH-E2, with a corresponding increase in E1l
production. This is consistent with the ability of NADP to
serve as a cofactor for 17B-HSD (30,31) but not for CYP-
dependent hydroxylation. There was some production of
4-OH-E2 and 2-OH-E2, which could be attributed to reduction
of the NADP to NADPH by 178-HSD or other microsomal
dehydrogenases, which could then serve as a cofactor for
CYP-dependent metabolism of E2 to the catechols. When
NAD, a cofactor that cannot be reduced to NADPH, was
added there was complete abolition of formation of the catechol
estrogens.

The differences in hydroxylation products formed in the
two strains of rats suggests that there are different CYPs
present in liver microsomes from these two strains. Different
enzymes might be expected to exhibit different kinetic con-
stants. Sprague-Dawley and ACI RLM were incubated for
20 min with E2 concentrations of 0.003, 0.01, 0.03, 0.10, 0.30,
1, 3, 10, 30 and 60 uM. Using graphical analysis of initial

" rate data, kinetic constants were obtained for the three metabol-
ites of interest for ACI and Sprague-Dawley rats (Table II).
Catechol estrones, which result from two sequential enzymatic
reactions, were not included in the calculation of initial rate,
either as distinct products or as contributors to either aromatic
hydroxylation of dehydrogenation. We found that the Vp,,, and
K, for El in both rat strains are significantly higher than for
aromatic hydroxylation. This is consistent with the known
properties of 17B-HSD, a high capacity and relatively high
K, enzyme for E2 oxidation. Aromatic hydroxylation, however,
is catalyzed by CYPs. Second, there is no significant difference
between the E2 K, value for 2-hydroxylation in Sprague—
Dawley and ACI rats. In contrast, the E2 K, value for
4-hydroxylation in ACI rats is significantly lower than the K,
for 2-hydroxylation in ACI rats. These data suggest that the
same CYP may catalyze 2-hydroxylation of E2 in both strains,
but that the 4-hydroxylation seen with ACI RLM is catalyzed
by a different enzyme.

The search for this different CYP-dependent enzyme was
carried out by western analysis of RLM. Immunoblot analysis
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Fig. 4. Western analysis of cytochrome P450 expression in rat liver
microsomes. Rat liver microsomes (50 pg) were resolved by SDS-PAGE on
4-12% gradient gels, transferred to a PVDF membrane and probed with
polyclonal antibodies for CYPs 2B1/2 and 3A1/2 for 2 h at room
temperature. Antibody reactions were detected using alkaline phosphatase-
conjugated anti-rabbit IgG, then visualized using BCIP/NBT phosphatase
substrate. SD, Sprague-Dawley; C, control; E2, 17B-estradiol-treated; 6 wk,
sexually immature animals; 12 wk, sexually mature animals.
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was performed on the microsomal fractions of each rat strain
and each age group to determine the expression level of CYPs
known to be involved in E2 metabolism. Under the conditions
studied there is expression of CYPs 2B1/2 and 3A1/2 in both
strains of rat (Figure 4). There are no major differences in the
expression of CYP 2B1/2 or 3Al/2 between the two age
groups of ACI rats. Both immature and mature Sprague-
Dawley rats express comparable levels of CYP 2B1/2, but
immature Sprague-Dawley rats have diminished 3A1/2 expres-
sion relative to mature rats. In this study we also examined
the effect of chronic E2 administration on hepatic CYP
expression. No effects were detected. This was mirrored by a
lack of detectable effect of E2 treatment on the ability of RLM
to metabolize E2 (data not shown). ACI and Sprague-Dawley
RLM were analyzed for expression of CYP 1B1 as well. There
was no detectable expression of CYP 1B1, a known estradiol
4-hydroxylase, in RLM from either strain of rat (data not
shown).

Discussion

We have demonstrated that liver microsomes from ACI and
Sprague-Dawley rats both efficiently metabolize E2 over a
wide range of initial substrate concentrations. These liver
preparations catalyze only aromatic hydroxylation and the
17p-dehydrogenation of E2. This is in marked contrast to male
Sprague-Dawley liver microsomes, which yield a far more
complex mixture of oxidized metabolites (G.A.Reed, unpub-
lished observation; 32). Similar metabolite profiles are pro-
duced by RLM from females of the two strains at high initial
E2 concentrations (i.e. =10 uM), but this changes dramatically
when the substrate concentration is lowered into the nanomolar
range. Sprague-Dawley rats yield more 2-OH-E2 relative to
El as the initial substrate concentration is decreased, but E1
remains the major product. In ACI rats, however, aromatic
hydroxylation dominates and 4-OH-E2 is produced as the
predominant metabolite at lower E2 concentrations.

Previous reports on the metabolism of E2 by microsomal
preparations and by purified CYPs have employed extremely
high substrate concentrations, ranging from 20 to 200 uM
(32-34; reviewed in ref. 35). Our qualitative findings at high
E2 concentrations, i.e. that E1 is the major metabolite formed
followed by 2-OH-E2, are consistent with other laboratories
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studying E2 metabolism by RLM from female Sprague-
Dawley rats and from other strains as well (33,34). With
microsomes from the ACI rat, however, this qualitative result
changes dramatically, but only when the initial E2 concentration
is lowered toward more realistic levels. We have shown that
rat liver microsomes oxidize E2 at low concentrations, nearing
actual physiological concentrations. These lower, more physio-
logically relevant concentrations, which have not been exam-
ined before, were required in order to observe the dramatic
differences in metabolite profiles between these two rat strains.

In rats hepatic hydroxylation of E2 to the catechols 2-OH-
E2 and 4-OH-E2 is catalyzed by CYPs 1A2, 2B1/2, 2C6,
2C11, the 2D family and the 3A family (reviewed in 11,35).
Production of 2-OH-E2 by these CYPs greatly exceeds forma-
tion of 4-OH-E2, with 80-90% production of 2-OH-E2 and
only 10-20% production of 4-OH-E2. This greater production
of 2-OH-E2 reflects the orientation of E2 in the active site of
the enzyme. Thus, formation of more 2-OH-E2 than 4-OH-E2
is a consequence of the binding interaction between substrate
and CYP and should not be dependent on the concentration
of E2. In contrast, human CYP 1BI is unique in that it is
reported to be a specific 4-hydroxylase of E2 (36). The
presence of CYP 1B1 as a constitutive enzyme in female ACI
rat liver would be consistent with our observed metabolite
profile. By comparing the K, values determined for ACI RLM,
it is apparent that 4-hydroxylation of E2 is catalyzed by a
different enzyme with a lower K|, than that for 2-hydroxylation.
The K, determined for 4-hydroxylation of E2 in ACI RLM,
substantially lower than that determined for 2-hydroxylation
of E2 in the same incubations, matches the reported E2 K|,
value for 4-hydroxylation by recombinant human CYP 1Bl
(36), providing an additional suggestion that this CYP may be
responsible for the observed biotransformation of E2.

We found, however, that in female ACI rat liver there are
no qualitative differences in the CYPs tested from what is
expressed in the Sprague-Dawley female liver. There was
expression of CYPs 2B1/2 and 3A1/2 but no detectable
expression of CYP 1BI1 in microsomes from either strain of
rat. This suggests that 4-OH-E2 formation in ACI rats is due
either to an additional CYP not probed for or a polymorphism
in an existing CYP that alters the site of E2 hydroxylation.
This latter proposal is particularly interesting in the light of a
recent report from Shimada et al. (37). They characterized
polymorphic human CYP 1B1 variants and found that these
variants altered the ratio of 4-hydroxylation to 2-hydroxylation
of E2 catalyzed by these enzymes. This subtle modulation of
the orientation of E2 in the active site of a CYP and the
resultant alteration in the site selectivity for E2 hydroxylation
is precisely what we believe is responsible for the different
metabolite distribution produced by ACI as opposed to
Sprague-Dawley liver.

The proposed mechanisms for the carcinogenic action of
estrogens depend on either estrogenicity or reactivity of the
active species and both can be modulated by oxidative metabol-
ism of estrogens. 2-OH-E2 has a lower affinity for the estrogen
receptor (38,39) and has lower estrogenicity than the parent
hormone E2 (40,41). Rapid O-methylation of 2-OH-E2 by
catechol O-methyltransferase (COMT) results in a more rapid
clearance in vive and may also result in product inhibition of
tumor cell proliferation (42,43). The resulting O-methylation
of 2-OH-E2 may be the reason for its lack of carcinogenicity.
4-OH-E2, however, is a carcinogenic metabolite of E2 (44,45).
It binds to the estrogen receptor with a similar affinity to E2

262

»

and it also activates the estrogen receptor (38). 4-OH-E2 takes
longer to dissociate from the estrogen receptor compared with
E2, therefore, there could be increased biological effects
of 4-OH-E2 in comparison with E2 (46). COMT-catalyzed
O-methylation is inhibited by 4-OH-E2. Regardless of the
mechanism, 4-OH-E2 is important in the carcinogenicity of
E2. It is not surprising that ACI rats, which are more sensitive
to E2 as a mammary carcinogen, produce more of this
detrimental metabolite 4-OH-E2 than Sprague-Dawley rats at
near physiological levels of substrate.

Liver metabolism of E2 is an important first step in under-
standing the role of metabolism in mammary carcinogenesis.
The liver plays a role in controlling the systemic levels of
circulating metabolites. In addition to the liver, however, there
is much interest in the metabolism of E2 in target tissues (35).
Our next goal is to investigate the metabolism of E2 in the
mammary gland to see whether there are differences in the
target tissue that may be responsible for the differences in
susceptibility of the two strains of rat. If there are differences
in metabolism in the target tissue (the mammary gland) this
would provide additional support for the role of metabolism
of E2 in carcinogenicity.

In summary, these results reveal that there are dramatic
differences in the hepatic metabolism of E2 in ACI and
Sprague-Dawley rats and that these differences are only
apparent as the conditions approach physiological concentra-
tions of E2. Since 4-OH-E2 is thought to be the main
carcinogenic metabolite of E2, it is even more interesting
that ACI rat liver produces primarily this metabolite when
challenged with near physiological levels of E2. The exclusive
formation of this metabolite by the rat strain which is more
sensitive to the carcinogenic effects of E2 suggests a role for
this difference in E2 disposition in the different responses of
the strains.
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